Abstract. Stroke is one of the leading causes of death and disability worldwide. In past decades, researchers have studied the physiopathology and biochemistry of stroke, but knowledge of the molecular mechanisms underlying this disease remains at an early stage. To date, only recombinant tissue plasminogen activator (rtPA) has been approved by the USA FDA for acute ischemic stroke. However, as the limiting therapy time window is 4.5 h after stroke onset and patients must meet the applicable conditions, a small number of patients benefit from this therapy. Therefore, the research and development of new drugs for stroke are a big challenge for scientists. MicroRNAs (miRNAs) are short (20-23 nucleotides) singlestranded non-coding RNAs. The seed sequences at positions 2-7 from the 5' end which are partially or complementary to one or more mRNAs inhibit or degrade target mRNAs, thus playing an important role in the post-transcriptional regulation of gene expression. Disregulated miRNAs have revealed their complex role in pathophysiological processes, and have also shown their potential role in disease diagnosis, and use as drug targets in neurodegenerative diseases and cancer. Recently, studies have found aberrantly expressed miRNAs in stroke; however, the implication of deregulated miRNA expression in stroke remains largely unknown. This review briefly summarizes recent studies concerning miRNA expression in stroke in vivo and in vitro, focuses on aberrant miRNA expression, as well as discusses their potential therapeutic role for stroke.
Introduction
Stroke is a complex disorder precipitated by a variety of genetic and environmental factors and is the leading cause of long-term disability and mortality in China. Its incidence is more than 4-5 times higher than that in developed countries (Chen: Report of The Third National Mortality Retrospective Sampling Survey, 2008). Ischemic stroke accounts for 85% of all strokes, while primary hemorrhagic stroke accounts for the remainder (1) . Cerebral ischemia triggers a cascade of pathological events that ultimately cause irreversible neuronal injury in stroke-affected brain tissue within minutes of stroke onset. The pathophysiological disorders include excitotoxicity within minutes, a robust inflammatory response within hours, and programmed cell death (apoptosis) within hours and days of stroke onset. For the past two decades, the search for drugs for acute ischemic stroke has been ongoing. Many early successes in pre-clinical studies have been transferred to clinical studies; however, the results are frustrating. At present, only recombinant tissue plasminogen activator (rtPA) has been approved by the US FDA for treatment of acute ischemic stroke. However, as the therapy time window is 4.5 h after stroke onset and patients must meet the applicable conditions, the number of patients who can benefit from this therapy is small. Therefore, the need to develop an effective treatment for stroke is urgent.
MicroRNAs (miRNAs) constitute a class of endogenous small non-coding RNAs conserved through evolution. They mediate post-transcriptional regulation of protein-coding genes by binding to the 3'-untranslated region (3'-UTR) of target mRNAs, leading to translational inhibition or mRNA degradation, depending on the degree of sequence complementarity. Increased evidence indicates that a set of miRNAs, expressed in a spatially and temporally controlled manner in the brain, are involved in neuronal development, differentiation and synaptic plasticity. The strict spatial and temporal expression of miRNAs in a controlled manner is also known to play important roles in many physiological and pathological processes, including tumorigenesis (2), proliferation (3), hematopoiesis (4), metabolism (5), immune function (6), epigenetics and neurodegenerative diseases (7) . miRNAs have also been found to be of benefit in identifying the etiology of lymphoma (8) and progression of certain neurological diseases (9) . During the past few years, miRNA expression profiling has been examined in stroke in vivo and in vitro. The studies indicate that miRNAs have emerged as key mediators in both pathogenic and pathological aspects of ischemic stroke biology. In this review, we briefly summarize current research regarding the involvement of miRNAs in stroke with specific focus on aberrant expression of miRNAs, as well as discuss their potential therapeutic role in stoke.
Biogenesis of miRNAs and mode of action
miRNAs are processed and matured through a complex biogenetic process involving multiple protein catalytic accessory proteins and macromolecular complexes following a coordinated series of events. miRNA genes transcribed by RNA polymerase II (Pol II), lead the generation of primary miRNA transcripts (pri-miRNAs), which are cleaved in the nucleus by the microprocessor complex (including the proteins Drosha and DgcR8) into precursor hairpin miRNAs (pre-miRNA). The pre-miRNA is exported to the cytoplasm by an exportin 5-dependent, then further processed by the RNase Dice to an intermediate miRNA duplex. Depending on the thermodynamic characteristics of the miRNA duplex, one strand (the leading strand, the sense strand or mature miRNA) is loaded into a multi-protein complex (miRNA-induced silencing complex; miRISC), whereas the other strand (the passenger strand, the antisense miRNA) is usually degraded. The miRNA-associated miRISC is guided to target mRNAs owing to extensive, but imperfect, pairing of the miRNA to target sequences that are preferentially located within the 3'-UTR of the mRNA. The partial or complementary interaction leads to translational repression and/or degradation of the target mRNAs. Although many mechanisms for RNA silencing have been proposed, the prevailing view in the field is still the mechanism by miRISC. Notably, the components of miRISC include Argonaute (Ago) and the helicases MOV10 (Armitage in Drosophila melanogaster) and DDX6 (also known as RCK and p54). In addition, accessory RNA-binding proteins (FMR1 and PuM2) are thought to modulate the activity of miRISC in neurons (10) . At present, more than 1,733 human miRNAs have been identified (miRBase version 17; released on April 26, 2011).
miRNA expression in the brain
The effect of miRNAs on the neuronal function of the brain has been reported in the past few years. miRNA expression profiles in mouse and humans are phylogenetically conserved, organenriched, organ-specific, and with time and space are strictly expressed. One study that characterized miRNA expression profiles in mouse and human organs found that eight miRNAs are enriched in the brain. Moreover, eight brain miRNAs were found to have induced expression during neuronal differentiation of human and mouse EC cells after retinoic acid application, suggesting that there may be a conserved role in mammalian neuronal development (11) . Several studies have indicated a relationship between miRNAs and neuronal development and differentiation. For example, miR-124a, the most studied brain-specific miRNA, was >100 times more highly expressed in mouse CNS than in other organs (12) . It was found to be perfectly conserved at the nucleotide level from worms to humans and expressed throughout the embryonic and adult CNS (13) . Studies have demonstrated that miR-124 plays an important role in neuronal differentiation and function, as the overexpression of miR-124 in differentiating mouse P19 cells promotes neurite outgrowth, while the blockade of miR-124 decreases neurite outgrowth and levels of acetylated α-tubulin (14) . miR-134 is the prototypic dendritically localized miRNA that plays a crucial role in dendritic protein synthesis of hippocampal neurons (15) , and has stage-specific effects on cortical progenitors, migratory neurons and differentiated neurons (16) . In mouse cortical neurons, miR-132 expression was found to induce neurite outgrowth (17) . One study found that the mechanism of miR-132 for enhancing dendrite morphogenesis in hippocampal neurons was through suppression of the expression of the GTPase-activating protein p250 GAP (18) . miR-132 also mediates anti-inflammatory effects via the targeting of acetylcholinesterase, leading to an increase in the neurotransmitter acetylcholine to block brain inflammation (19) .
Aberrant miRNA expression in stroke brain
The expression profiles of miRNAs in vivo or in vitro in stroke brains have revealed alterations in many individual miRNAs. These studies indicate the main involvement of deregulated miRNA expression in the pathogenesis and the process of stroke ( Table Ⅰ) . The first miRNA screening study of ischemic rats subjected to transient focal ischemia by middle cerebral isch- Figure 1 . Biogenesis of miRNAs and mode of action. pri-miRNAs are transcribed from the intra-and inter-genetic regions of the genome by RNA Pol II, followed by processing by the RNase III enzyme Drosha into premiRNAs. After nuclear export, they are cleaved by the RNase III enzyme Dicer into mature miRNAs consisting of ~23 nucleotides. Finally, a singlestranded miRNA is loaded onto the miRISC, where the seed sequence is located at positions 2-7 from the 5' end of the miRNA binding to the target mRNA thus inhibiting gene transcription. emia artery occlusion (MCAO) reported alterations in several miRNAs in the brain and blood at 24 and 48 h after reperfusion (20) . The authors identified the expression of 114 miRNAs in ischemic brain samples by microRNA array. Among them, 106 and 82 transcripts were detected in the 24-and 48-h reperfusion brain samples, respectively. Their data also show that miRNAs are actively regulated and that their expression pattern changed with reperfusion time, thus indicating temporal expression during ischemic injury. The let-7 family, which has been implicated in neural cell specification of miRNAs (let-7a, b, c and e), was up-regulated in the 48-h-reperfused MCAO brain samples along with miR-150 and -125a (20) .
To understand the functional significance of miRNAs in ischemic pathophysiology, the profile of miRNAs in adult rat brain at different reperfusion times (3, 6, 12, 24 and 72 h) after MCAO was investigated. Of the 238 miRNAs evaluated, 8 showed increased and 12 showed decreased expression at a minimum of 4 out of 5 reperfusion time points studied between 3 h and 3 days compared to the sham group. Eight miRNAs showed a significant change (three increased and five decreased) at all time points (3 h to 3 days of reperfusion) after focal ischemia. miR-145 was one of these miRNAs. Prevention of miR-145 expression through continuously infused antagomir-145 into the lateral ventricles of cohorts of rats led to an increased protein expression of its downstream target superoxide dismutase-2 (SOD2) in the post-ischemic brain, and decreased the damage of the infarct. The researchers also found that the number of aberrant miRNAs gradually increased as the reperfusion time progressed. Investigation of the functions of these significantly induced miRNAs must be ongoing (21) .
Induced miRNAs in the blood of cancer patients have been researched as a potential biomarker for cancer diagnosis. Likewise, the expression levels of miRNAs in the blood of stroke patients have also been found to be reproducible and indicative of the disease state (22) . Use of blood samples obtained from young ischemic stroke patients (18-49 years) has shown that, in addition to the disease progression, the stroke subtype can also be identified via the miRNA profiles. By miRNA array chip, among the 157 miRNAs identified in stroke, expression levels of 138 were found to be up-regulated >1-fold, and the expression levels of 19 miRNAs were found to be down-regulated >1-fold. Among the 19 down-regulated miRNAs, 8 miRNAs (hsa-let-7f, miR-126, -1259, -142-3p, -15b, -186, -519e and -768-5p) were poorly expressed across the three subtypes of stroke (LA, large artery stroke; SA, small artery stroke; CEmb, cardioembolic stroke). Similarly, among the 138 highly expressed miRNAs, 17 miRNAs (hsa-let-7e, miR-1184, -1246, -1261, -1275, -1285, -1290, -181a, -25 * , -513a-5p, -550, -602, -665, -891a, -933, -939 and -923) were identified as highly expressed in all subtypes of stroke. Another important finding showed that the miRNA expression patterns could distinguish the prognosis of patients. More miRNAs were down-regulated in stroke patients with a favorable outcome (mRS <2) compared to normal controls, irrespective of the subtype of stroke. These results showed the possible use of miRNAs in blood as biomarkers for specific types of brain injuries (22) . Different brain injuries (ischemia stroke, intracerebral hemorrhage and kainate seizures) lead to different miRNA expression profiles both in the blood and brain, but do share some miRNAs (23). Liu et al found that miR-542-3p was up-regulated and miR-155, -362-3p and -450a-5p were down-regulated in the brain after different injuries. miR-96, -152, -298, -333 and -505 were up-regulated and miR-125a-5p, -130b, -142-3p, -330, -243-5p and -685-347 were down-regulated in blood after different injuries (23) .
Ischemic preconditioning (IPC) describes the ischemic stimulus that triggers an endogenous, neuroprotective response that protects the brain during a subsequent severe ischemic injury, a phenomenon known as 'tolerance'. Comparison and analysis of miRNA expression by miRNA array in mouse cortex in response to preconditioning, ischemic injury and tolerance was used to understand the mechanism of the protective effects of IPC. The study revealed that, after 24 h of reperfusion in the different groups, expression of 153 miRNAs was increased and expression of 4 was decreased and uniquely regulated in the preconditioned cortex, expression of 2 miRNAs was increased and expression of 24 was decreased in the ischemic cortex, and expression of 1 was increased and expression of 2 was decreased in tolerant cortex. The results suggested that preconditioning was the foremost regulator of miRNAs (24) .
The gold relief time of stroke is within 3 h after stroke. A study by Kim et al found that the maximum down-regulation of gene expression occurs 3 h after ischemia (25) . The change in miRNAs in response to ischemia are quite prompt, and indentifying miRNA changes during this period is very important. A recent study investigated the miRNA profiles at 3 and 24 h of reperfusion. After 15 min, after IPC, 8 miRNAs in the 3-h reperfusion group were categorized into two miRNA families (miR-200 and miR-182) and were found to be selectively up-regulated. Transfection of miR-200b, -200c, -429 and -182 to Neuro-2a cells showed neuroprotective effects after oxygen glucose deprivation was applied (26).
miRNA targets and their potential therapeutic role in stroke
An miRNA requires only a few base-pair interactions to effectively silence a target mRNA. The most important region for interaction is the seed sequence, which at positions 2-7 from the 5' end occurs with high frequency in the genome by chance alone, and therefore the prediction of functional miRNA target sites is challenging, even just within 3'-UTR of mRNAs.
According to the above studies, it is well known that ischemia does lead to changes in miRNA expression, either during ischemic preconditioning or post-stroke, at different times. However, it was notable that miRNAs transcriptome following focal cerebral ischemia was found to occur independently of the miRNAs synthesis machinery. In particular, focal ischemia produced no significant effects in the mRNA expression of important proteins involved in miRNA processing, such as RNAses Drosha and Dicer, Drosha cofactor Pasha, or the premiRNA transporter exportin-5 up to 24 h post-reperfusion (27) .
miR-298 was the only miRNA that was up-regulated in both brain and blood after different injuries (ischemic stroke and intracerebral hemorrhage) (23) . Results of another study were consistent with this finding. miR-298 has been found to be up-regulated in the brain after transient MCA occlusions (20) . Although miR-298 has many functions, the function in stroke is not yet clear; it was shown to recognize specific binding sites in the 3'-UTR of β-amyloid precursor protein- SD, Sprague-Dawley rat; MCAO, middle cerebral ischemia artery occlusion; LA, large artery stroke; SA, small artery stroke; CEmb, cardioembolic stroke; UND, undetermined cause.
converting enzyme-1 (BACE1) mRNA and to regulate BACE1 protein expression in cultured neuronal cells (28) . The neuroprotective mechanism of IPC has been researched in the past few years. The induced miRNAs during IPC exhibited an important role in the protective effect. Targets of miRNAs significantly regulated in preconditioned mouse cortex were predicted by bioinformatic software tool miRanda (version 2005) . The most common target of the regulated miRNAs was found to be mRNA encoding methyl CpG binding protein 2 (MeCP2) (24) . DNA microarray studies have shown that MeCP2 mRNA was not significantly regulated by preconditioning (29) . Among these significantly decreased miRNAs, down-regulated miR-132 induced a rapid increase in MeCP2 protein, but not mRNA. This first suggested that the link between miR-132 and MeCP2 may serve as an effector of IPC (24) . Another study regarding the protective effects of IPC confirmed that miR-132 regulates MeCP2 protein expression through lose-and gain-function of miR-132, and was decreased in preconditioned mouse cortex. Western blotting and q-PCR analysis of the levels of MeCP2 protein and MeCP2 mRNA showed that IPC increases MeCP2 protein, but has no effect on MeCP2 mRNA. The finding indicates that MeCP2 plays an important role in ischemic preconditioned protection. MeCP2 KO mice were found to have a high mortality rate in response to ischemic challenge administered 72 h after preconditioning. This suggests that KO mice have an increased susceptibility to ischemia. These studies support the concept that both miR-132 and MeCP2 serve as novel effectors of the molecular mechanisms underlying ischemic preconditioning-induced tolerance (24) .
Two miRNA familes, including miR-200 (miR-200a, miR-200b and miR-429) and miR-182 (miR-182, miR-183 and miR-96), were up-regulated early after ischemic preconditioning. Through bioinformatics technology, prediction of the targeted mRNAs showed that the neuroprotective effects, mainly by down-regulating prolyl hydroxylase 2 (PHD2), were a possible mechanism in neuroprotection (26) . miR-497 was found to be induced in mouse brain transient MCAO, and its function was further researched and validated in stroke (30) . One study demonstrated that the miR-497 directly hybridizes to the predicted 3'-UTR target sites of bcl-2, leading to translation inhibition. Repression of miR-497 using antagomirs was found to lower miR-497 levels, reduce MCAOinduced infarct effectively and improve neurological deficits with a corresponding increase in bcl-2 protein, an anti-apoptotic protein (30) . Cerebral vascular endothelial cell (CEC) degeneration significantly contributes to blood-brain barrier (BBB) breakdown and neuronal loss after cerebral ischemia. A recent study demonstrated that peroxisome proliferator-activated receptor δ (PPARδ) was significantly reduced and miR-15a was up-regulated in oxygen-glucose deprivation (OGD)-induced mouse CEC death. Intracerebrovascular infusion of a specific PPARδ agonist significantly reduced ischemia-induced miR-15a expression, increased bcl-2 protein levels without a change in bcl-2 mRNA levels, and attenuated caspase-3 activity. Gain or loss of miR-15a significantly increased or reduced OGD-induced CEC death, respectively. Exploring the molecular mechanisms, it was found that up-regulation of PPARδ reduced ischemic vascular injury through alleviation of miR-15a expression. Then, the translation inhibition of the anti-apoptotic gene bcl-2 was alleviated, BBB disruption was ultimately protected and cerebral infarction in mice after transient focal cerebral ischemia was reduced. Therefore, the miR-15a transcript was regulated by PPARδ (31).
Conclusion
Increasing evidence indicates that aberrant expression of various miRNAs, both up-regulated and down-regulated species, plays an active role in the pathological processes or neuroprotective role of stroke. A single miRNA has a great impact on cellular function by mostly suppressing and occasionally activating numerous downstream mRNA targets. Therefore, even small-scale turbulence occurring in the miRNA-mediated gene regulation affects various biological pathways involved in both neurodegeneration and neuroprotection in stroke brains. Deregulated miRNAs in stroke provide evidence that miRNA profiles may aid in identifying the subtype of stroke, and show potential use as therapeutic targets. A deeper understanding of miRNAs may also benefit new drug research and development, uncover the pharmacological mechanisms of new drugs at the post-translational level and provide a better evaluation of the drug, which can maximize the success rate from bench to bedside.
However, to date, none of the induced miRNAs and miRNAs targets have been adequately validated in the context of stroke. Furthermore, a standard definition of aberrant miRNAs and the technology used in different experimental platforms have not been standardized, thus much work is still required. We need to elucidate the entire concept of regulated miRNAs, mRNAs, proteins and transcription factors; and the complex relationship among them is most important. We believe that further understanding of aberrant miRNAs in stroke may benefit stroke treatment in the future in a multifaceted manner, as they do play an important role in the process of stroke pathophysiology.
